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Three-Address Code

* Inthree-address code, there is at most one operator on the right
side of an instruction

* Thus a source-language expression like x+y*z might be translated
into the sequence of three-address instructions

tp =y *z
to = x + t4



Common three-address instructions

. Assignment instructions of the form z = y op z, where op is a binary
arithmetic or logical operation, and z, y, and z are addresses.

. Assignments of the form z = op y, where op is a unary operation. Essen-
tial unary operations include unary minus, logical negation, shift opera-
tors, and conversion operators that, for example, convert an integer to a
floating-point number.

. Copy instructions of the form z = y, where z is assigned the value of y.

. An unconditional jump goto L. The three-address instruction with label
L is the next to be executed.

. Conditional jumps of the form if z goto L and ifFalse z goto L. These
instructions execute the instruction with label L next if = is true and
false, respectively. Otherwise, the following three-address instruction in
sequence is executed next, as usual.



6. Conditional jumps such as if z relop y goto L, which apply a relational
operator (<, ==, >=, etc.) to z and y, and execute the instruction with
label L next if z stands in relation relop to y. If not, the three-address
instruction following if z relop y goto L is executed next, in sequence.

7. Procedure calls and returns are implemented using the following instruc-
tions: param z for parameters; callp, n and y = callp, n for procedure
and function calls, respectively; and return y, where y, representing a
returned value, is optional. Their typical use is as the sequence of three-
address instructions

param z;
param
param ,

call p,n

generated as part of a call of the procedure p(z,,zs,...,2,). The in-
teger n, indicating the number of actual parameters in “call p, n,”



8. Indexed copy instructions of the form z=y[i] and z[i] =y. The instruc-
tion x=y[7] sets = to the value in the location i memory units beyond
location y. The instruction z[i] =y sets the contents of the location i
units beyond z to the value of y.
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Common three-address instructions

do i = i+l; while (alil < v);

L: tp =1+ 1
i= tl
to =1 % 8
ty3 = a [ to ]
if t3 < v goto L



Data structures for TAC
Quadruples

A quadruple (or just “quad’) has four fields, which we call op, arg,, arg,,
and result. The op field contains an internal code for the operator. For instance,
the three-address instruction = = y+ 2 is represented by placing + in op, y in
arg,, z in argy, and z in result. The following are some exceptions to this rule:

1. Instructions with unary operators like £ = minusy or # = y do not use
arg,. Note that for a copy statement like z = y, op is =, while for most
other operations, the assignment operator is implied.

2. Operators like param use neither arg, nor result.

3. Conditional and unconditional jumps put the target label in result.



Data structures for TAC
Quadruples

Three-address code for the assignment a = bx-c+bx*-c

t1 = minus c¢ / \
t2 = b * 1t a
t3 = minus c / \
tg = b * t3 / \ / \
ts = tg + t4 minus b minus
= t5 i l
c c

(a) Three-address code (a) Syntax tree



Data structures for TAC
Quadruples

Three-address code for the assignment a = bx-c+b*-c;

op arg, arg, result

t1 = minus c 0 [minus: ¢ | r t1
tz = b * t 1] * | b |t ty
ts = minus c 2 |minus; c ' : t3
tg = b * t3 3 * ; b 1| ts : ts
ty = tg + t4 4 + th : ts i ts
a = tg 50 = 1 ts | L a

(a) Three-address code (b) Quadruples



Data structures for TAC
Triples

* Atriple has only three fields, which we call op, argl, and arg2

* Note that the result field in Quad is used primarily for
temporary names.

* Using triples, we refer to the result of an operation x op y by its
position, rather than by an explicit temporary name.

* Thus, instead of the temporary t, a triple representation would
refer to position (0).

* Parenthesized numbers represent pointers into the triple
structure itself.



Data structures for TAC
Triples
Three-address code for the assignment a = bx-c+b*-c;

op arg, arg,

t, = mimus c 0 lminus, ¢ |

L2 = 0¥ 1 % | b (0

t3 = minus c - . .

ts = b ¥ t3 2m1nus:c !

ts = to + t4 3] * :51(2)

a =t 4+ (1) 3
s = 1a

(a) Three-address code

(b) Triples



Benefit of Quad over Triples

* A benefit of quadruples over triples can be seen in an optimizing
compiler, where instructions are often moved around.
* With quadruples, if we move an instruction that
computes a temporary t, then the instructions that use t
require no change.

* With triples, the result of an operation is referred to by its
position

* So moving an instruction may require us to change all references
to that result.



Indirect triples

* Consist of a listing of pointers to triples,
* Rather than a listing of triples themselves.
* For example, use an array instruction to list pointers to triples in
the desired order.

With indirect triples, an optimizing compiler can move an instruction by
reordering the instruction list, without affecting the triples themselves.

instruclion .OP . 4791 . args .”P ary, ang,

35 [ (0) 0 mlnus_:_c ! 0 minus: ¢

36| (1) Ly * ' b ! (0) I|!ninus: c

37| (2) 2 lminus, ¢ 9 x | b | t{]}

38| (3) 3+ b (2 il + | b | {2} |
39 [ (4) 4+ (1)@ 1 + (1) (3

“ 6 5= 1a @ s = Ta @]




Static Single-Assignment Form

Two distinctive aspects distinguish SSA from three-address code.
(a) The first is that all assignments in SSA are to variables
with distinct names; hence the term static single-assignment.

p=a+b P, =a+hb
a=pP-c 9 =P - ¢
p=q*d Py =q *4d
p=e-Pp Ps =€ = Py
=P *gq 92 = Ps t 4

(a) Three-address code.  (b) Static single-assignment form.



Static Single-Assignment Form

Two distinctive aspects distinguish SSA from three-address code.
(a) The first is that all assignments in SSA are to variables
with distinct names; hence the term static single-assignment.

(b)

The same variable may be defined in two different control-flow paths in a
program. For example. the source program

if ( flag ) x = -1; else x = 1;
y =x * a:

has two control-flow paths in which the variable x gets defined. If we use
different names for x in the true part and the false part of the conditional
statement, then which name should we use in the assignment y = x * a? Here
is where the second distinctive aspect of SSA comes into play. SSA uses a

|n0faflonal convention called the Ffunctloﬂto combine the two definitions of x:

if ( flag ) x = -1; else xp = 1;
X3 = ¢(X1,xz);




Static Single-Assignment Form

Here, ¢(x1,x%2) has the value x, if the control flow passes through the true
part of the conditional and the value x; if the control flow passes through the
false part. That is to say, the ¢-function returns the value of its argument that
corresponds to the control-flow path that was taken to get to the assignment-
statement containing the ¢-function.



Major translation classes of Three address
code generation

(a) Declaration statements (+ handling data
type and storage)

(b) Expressions and statements

(a) Control flow statements



Declaration statement
Representing data types: Type Expressions

Types have structure, which we shall represent using type
expressions.

* A type expression is either a basic type (boolean, char, integer,
float, and void)
or

* is formed by applying an operator called a type constructor to a
type expression.

* A type expression can be formed by applying the array type
constructor to a number and a type expression.



Declaration statement

* The array type int [2] [3] can be read as "array of 2
arrays of 3 integers each"

* Can be represented as a type expression array(2,
array(3, integer)).

* This type is represented by the tree.

N

array
integer

* The operator array takes two parameters, a number
and a type.
* Here the type expression can be formed by
applying the array type constructor to a number
and a type expression.



De

claration statement

Example SDD

PRODUCTION SEMANTIC RULES

T - BC Tt=Ct
Cb=DB1t

B — int B.t = integer

B — float B.t = float

C = [num]C; C.t = array (num.val, C;.t) . Type ExpreSSionS
Ci.b=0Cb

C — ¢ Ct=Cb

Nonterminal T generates either a basic type or an array type.
Nonterminal B generates one of the basic types int and float.

T generates a basic type when C derives €.

Otherwise, C generates array components consisting of a sequence of
integers, each integer surrounded by brackets.



Declaration statement
Example SDD

PRODUCTION SEMANTIC RULES

T - BC Tt=Ct
Cb=DB1t

B — int B.t = integer

B — float B.t = float

C = [num]C; | C.t= array(num.val, C;.t) . Type Expressions
Ci.b=Cb

C - ¢ Ct=0Cb

* The nonterminals B and T have a synthesized attribute t
representing a type.

* The nonterminal C has two attributes: an inherited attribute b
and a synthesized attribute t.



Declaration statement —

Example SDD oo | Ti-or

B — int B.t = integer
1 H H B — float B.t = float
InpUt Strlng Int [2] [3] C = [num]C; C.t = array (num.val, C;.t)
Cib=Cb
, C — ¢ Ct=Cb
T.t = array(2, array(3, integer))
< Cb= integer
Bt mtager C.t = array(2, array(3, integer))
| /N
" ~ C.b = integer
s [ 2 ] C.t = array(3, integer)

2 N
[ /;/]/ C.b = integer

C.t = integer
\
* The nonterminal C has two attributes: an inherited attribute b
and a synthesized attribute t.
* The inherited b attributes pass a basic type down the tree, and
the synthesized t attributes accumulate the result.



Declaration statement: Example SDD
float id, , id2, id3

. D .
T 4 type inh 5 >_L‘ 6 entry
float , \ida 3 entry
inh 7 L : 8 eniry
. s ids 2 entry
inh 9 \f;(m entry PRODUCTION SEMANTIC RULES
: * 1) D->TL L.inh = T.type
id; 1 entry 2) T—int T.type = integer
3) T — float T.type = float
4) L—L,id Ly.inh = L.inh
addType(id.entry, L.inh)
5) L—id addType(id.entry, L.inh)




Symbol table

ST(global) This is the Symbol Table for global symbols

Name Type Initial | Size | Offset Nested
Value Table

d float 2.3 8 0 | null

i int null 4 8 | null

W array(10, int) | null 40 12 | null

a int 4 4 52 | null

P ptr(int) null 4 56 | null

b int null 4 60 | null

func function null 0 64 | ptr-to-ST(func)

c char null 1 64 | null

Find the storage for each variable




More on Declaration statement

Data type + Storage layout

* Simplified grammar that

D — Tid; D | € declares just one name at
T - BC a time;

B — int | float * We already explored the
C - €| [num]C(C declarations with lists of

names

Storage layout:

* Relative address of all the variables

*  From the type of a variable, we can determine the amount of storage that
will be needed for the variable at run time.

* At compile time, we can use these amounts to assign each variable a
relative address.

* The type and relative address are saved in the symbol-table entry for the
variable name.



More on Declaration statement
Data type + Storage layout

* The width of a type is the number of storage units needed for
objects of that type.

* A basic type, such as a character, integer, or float, requires an
integral number of bytes.

* Arrays allocated in one contiguous block of bytes

Computes data types and

N
4
@

{ t = B.type; w = B.width; }

C their widths for basic and
B — int { B.type = integer; B.width = 4; } array types
B — float { B.type = float; B.width = 8; }
C - € { C.type = t; C.width = w; }
C - [num1C; { array(num.value, Ci.type); “==| Type Expressions

C.width = num.value x Cy.width; }

The width of an array is obtained by multiplying the
width of an element by the number of elements in the
array.



More on Declaration statement
Data type + Storage layout

T -+ B { t = B.type; w = B.width; }
# C
lnt [2] [3] B — int { B.type = integer; B.width = 4; }
B — float { B.type = float; B.width = 8; }
C - e { C.type = t; C.width = w; }
C = [num] C, { aerray(num.value, Cy.type);

C.width = num.value x Cy.width; }

T type = array(2, array(3, integer))
. width = 24
T t = integer - type = array(2, array(3, integer
B type = integer o = 4 e width = 24 u V& fnteger)
- width = 4 : \
int [ 2 ] 7 type = array(3, integer)

. width = 12

(3]

- C type = integer
width = 4
—



Relative address

Relative address

0

Name Data type
d float
i int
W array(10, int)




Sequences of Declarations . .

float y;
* Relative address: offset
* Keeps track of the next available relative address

P — {offset=0; } D

D — Tid; { top.put(id.lexeme, T.type, offset);
offset = offset + T.width; }
D,
D — ¢

* The translation scheme deals with a sequence of declarations of
the form T id, where T generates a data type
* Before the first declaration is considered, offset is set to 0.
* As each new name x is seen, x is entered into the symbol table
with its relative address = current value of offset,
* which is then incremented by the width of the type of x.



Sequences of Declarations

* Relative address: offset
* Keeps track of the next available relative address

P — {offset=0; } D

D — Tid; { top.put(id.lexeme, T.type, offset);
offset = offset + T.width; }
D,
D — ¢

The semantic action within the production D — T'id ; D, creates a symbol-
table entry by executing top.put(id.lezeme, T.type, offset). Here top denotes
the current symbol table. The method top.put creates a symbol-table entry for
id.lezeme, with type T.type and relative address offset in its data area.



Record or Structure data type
T — record '{' D'}

The fields in this record type are specified by the sequence of declarations
generated by D. The approach of Fig. 6.17 can be used to determine the types
and relative addresses of fields, provided we are careful about two things:

e The field names within a record must be distinct; that is, a name may
appear at most once in the declarations generated by D.

e The offset or relative address for a field name is relative to the data area
for that record.

float x;
record { float x; float y; } p;
record { int tag; float x; float y; } q;

X =pP.X+q.X%;



Record or Structure data type

T — record '{' D'}V

T — record '{" { Env.push(top); top = new Enuv();
Stack.push(offset); offset = 0; }

D'}Y { T.type = record(top); T.width = offset;
top = Env.pop(); offset = Stack.pop(); }

For convenience, record types will encode both the types and relative ad-
dresses of their fields, using a symbol table for the record type. A record type
has the form record(t), where record is the type constructor, and ¢ is a symbol-
table object that holds information about the fields of this record type.

The embedded action before D saves the existing symbol table, denoted
by top and sets top to a fresh symbol table. It also saves the current offset, and
sets offset to 0. The declarations generated by D will result in types and relative
addresses being put in the fresh symbol table. The action after D creates a
record type using top, before restoring the saved symbol table and offset.



Record or Structure data type
T — record '{' D'}

T — record '{" { Env.push(top); top = new Enuv();
Stack.push(offset); offset = 0; }

D'}Y { T.type = record(top); T.width = offset;
top = Env.pop(); offset = Stack.pop(); }

Let class Env implement symbol tables. The call Env.push(top)
pushes the current symbol table denoted by top onto a stack. Variable top is
then set to a new symbol table. Similarly, offset is pushed onto a stack called
Stack. Variable offset is then set to 0.

After the declarations in D have been translated, the symbol table top holds
the types and relative addresses of the fields in this record. Further, offset gives
the storage needed for all the fields. The second action sets T'.type to record(top)
and T.width to offset. Variables top and offset are then restored to their pushed
values to complete the translation of this record type.



Homework

intx, y;

float p. g Write the grammar, SDD

record and populate the symbol

{intx; table by executing those
float q; rules

}a;

char b;



Major translation classes of Three address
code generation

(a) Declaration statements (+ handling data
type and storage)

(b) Expressions and statements

(a) Control flow statements



Translation of Expressions statement a = b+-c¢

Three-address code for an assignment statement

t1 = minus c
to = b + 1
a = tg

PRODUCTION SEMANTIC RULES
S = id=E; | S.code = E.code ||
gen(top.get(id.lereme) '=" E.addr)

E = E;+E, | E.addr = new Temp()
E.code = E1.code || E;.code ||
gen(E.addr ‘=" Ey.addr '+' E3.addr)

| - E E.addr = new Temp ()
E.code = Ej.code ||
gen(E.addr '=" 'minus’ E,.addr)

| (Ep) E.addr = E;.addr
E.code = E.code

| id E.addr = top.get(id.lezeme)

E.code=""

Attribute code for S

attributes addr and code for an expression E.

Attributes S.code and E.code denote the three-address code for S and E, respectively.
Attribute E.addr denotes the address that will hold the value of E.




Translation of Expressions

Three-address code for an assignment statement

PRODUCTION SEMANTIC RULES
S 5 id=FE; S.code = E.code ||
gen(top.get(id.lezeme) '='" E.addr)

E — E, +E; | E.addr = new Temp()
E.code = E}.code || Es.code ||
gen(E.addr '=" Ey.addr '+' E;.addr)

| -E E.addr = new Temp ()
E.code = E).code ||
gen(E.addr '=' 'minus’ E,.addr)

| (Ep) E.addr = E;.addr
E.code = Ej.code

When an expression is a single identifier, say x
| id E.addr = top.get(id.lezeme) - ] e
E.code ="' then x itself holds the value of the expression.

The semantic rules for this production define
E.addr to point to the symbol-table entry

Address of the variable



Translation of Expressions

Three-address code for an assignment statement

PRODUCTION SEMANTIC RULES

S = id=E; | S.code= E.code ||
gen(top.get(id.lezeme) '=' E.addr)

E — E, +E, | E.addr = new Temp ()
E.code = Ey.code || Ey.code || e
gen(E.addr '=" Ey.addr '+' E3.addr)

The semantic rules for £ — E; +E,, generate code to
compute the value of E from the values of E; and E,. Values are computed
into newly generated temporary names. If E; is computed into E.addr and
E, into Es.addr, then Ey + E, translates into t = Ey.addr + F,.addr, where t is
a new temporary name. E.addr is set to t. A sequence of distinct temporary
names t1, s, ... is created by successively executing new Temp().



Translation of Expressions

Three-address code for an assignment statement

PRODUCTION SEMANTIC RULES
S = id=E; | S.code= E.code ||

gen(top.get(id.lezeme) '=' E.addr)
E — E, +E, | E.addr = new Temp ()

E.code = Ej.code || Es.code ||

<=mm

gen(E.addr '=" Ey.addr '+' E3.addr)

Finally, the production S — id=E; generates instructions that assign the
value of expression £ to the identifier id. The semantic rule for this production
uses function top.get to determine the address of the identifier represented by
id, as in the rules for £ — id. S.code consists of the instructions to compute
the value of F into an address given by FE.addr, followed by an assignment to
the address top.get(id.lezeme) for this instance of id.



Translation of Expressions

Three-address code for an assignment statement

PRODUCTION SEMANTIC RULES
S 5 id=FE; S.code = E.code ||
gen(top.get(id.lezeme) '=" E.addr)

E — E, +E, | E.addr = new Temp()
E.code = E.code || Es.code ||
gen(E.addr '=" Ey.addr '+' E.addr)

| -E E.addr = new Temp ()
E.code = E).code ||
gen(E.addr'=" 'minus’ E).addr)

| (Ey) E.addr = E;.addr
E.code = E).code

| id E.addr = top.get(id.lezeme)
E.code ="'

statement a=b+-c



id

E.addr = top.get(id.lezeme)
E.code ="'

S N E o |
E.code="’ l ‘ N
mpid - E
Vd \
C) "
E + E
E.code="" } z E

mm) id l
(b) .

statement a=b+-c

E.code=""’



- E 5| -E E.addr = new Temp()
E E.code = E).code ||

gen(E.addr '=" "minus’ E).addr)

b \"
E + E . E.code=

t; = minus c
.d E
' |
(b) id

(c)



. . E — E, +E, | E.addr = new Temp()
N E.code = E.code || E».code ||
E . gen(E.addr'=' E).addr '+ E».addr)
,/ \
/
S ™
E + E E.code=
} v t; = minus c

id i ts = b + t4
(b '



(S . S = id=FE; | S.code= E.code ||
E codes’” f l N gen(top.get(id.lezeme) '=' E.addr)
id - E
s
@
E + E \ S.code=
} / t; = minus ¢
- E
(b) BT
d



Translation of Expressions

Three-address code for an assignment statement

PRODUCTION SEMANTIC RULES

S 5 id=FE; S.code = E.code ||
gen(top.get(id.lezeme) '=" E.addr)

E — E, +E; | E.addr = new Temp()
E.code = E.code || Es.code ||
gen(E.addr '=" Ey.addr '+' E.addr)

| -E E.addr = new Temp ()
E.code = E).code ||
gen(E.addr'=" 'minus’ E).addr)

| (Ey) E.addr = E;.addr
E.code = E).code

| id E.addr = top.get(id.lezeme)
E.code ="'
statement a =b+-c t; = minus ¢
ta = b + t4

a = tog



Incremental Translation

So far, E.Code attributes were long strings
*  Generated incrementally

In incremental translation, generate only the new three-
address instructions

Past sequence may either be retained in memory for
further processing, or it may be output incrementally.

In the incremental approach, gen() not only constructs a
three-address instruction,
* it appends the instruction to the sequence of
instructions generated so far.



Incremental Translation
S = id=E; { gen(top.get(id.lezeme) '=" E.addr); }

E — E, +E; { E.addr = new Temp();
gen(E.addr '=' E\.addr '+' E,.addr):; }

| - E; { E.addr = new Temp();
gen(E.addr '=" 'minus’ E, .addr); }

| CEy) { E.addr = E;.addr; }
| id { E.addr = top.get(id.lexzeme); }

* This translation scheme generates the same code as the
previous syntax directed definition.
* With the incremental approach, the E.code attribute is not used,
* Since there is a single sequence of instructions that is
created by successive calls to gen().



Translation of Array Expressions

int mum[3](4] = {
{1, 2, 3, 4},
{5l ﬁ' -Ir' ‘E}r
{o, 1@, 11, 12}
|-

8. Indexed copy instructions of the form z=y[i] and z[i] =y. The instruc-
tion z=y[7] sets x to the value in the location i memory units beyond
location y. The instruction z[i] =y sets the contents of the location %

units beyond z to the value of y.



Translation of Array Expressions

int num([3]1[4] = {

a, 2, 3, 4y, Translate 2D index to 1D index
{5, 6, 7, 8},
{9, 10, 11, 12}

row-wise memory allocation

<— row @ —> <— row 1 —> <— row 2 —>

value | 1 2 3 4 5 6 7 8 9 10 | 11 | 12

1006 1008 | 1010 | 1012 | 1014 1016

address | 1eee | 1002 | 1004

1

first element of the array num

1018 | 1020 | 1022

Let wl be the length of a row (# of columns) and w2 be the size of an
elementin a row.

The relative address of A[i1][i2] can be calculated by the formula

base +i; X wy + iz X Wy



Translation of Array Expressions

Objective a is a 2x3 array

--- expression c+alil (j]

ty =1 = 12
ty = J = 4
ts = £ + T2
ty =a [ tg ]
t5 =c + Tn]




Translation of Array Expressions

§ 5 id=E;
| L=E;

E -+ E +E
| id
| L

L - id[E]
| L [E]

{ gen( top.get(id.lezeme) '=' E.addr); } L.addr denotes a temporary
variable containing the offset
of the array elements (array

{ E.addr = new Temp(); index)
gen(E.addr '=" Ey.addr '+' E.addr); }

{ gen(L.addr.base'[' L.addr ') '=" E.addr); }

{ E.addr = top.get(id.lezeme); } . .
base + iy X wy + 12 X we
{ E.addr = new Temp();
gen(E.addr '=" L.array.base '[' L.addr')'); }

{ L.array = top.get(id.lexeme);
L.type = L.array.type.clem;
L.addr = new Temp/();
gen(L.addr '=" E.addr '+' L.type.width); }

{ L.array = L,.array;
L.type = Ly.type.elem;
t = new Temp();
L.addr = new Temp():
gen(t '=" E.addr "' L.lype.width); }
gen(L.addr '=" Ly .addr '+ t); }



Translation of Array Expressions

§ 5 id=E;
| L=E;

E -+ E +E
| id
| L

L - id[E]
| LiLE]

{ gen( top.get(id.lezeme) '=' E.addr); }

{ gen(L.addr.base "' L.addr ') '=" E.addr); } |

{ E.addr = new Temp();

gen(E.addr '=" Ey.addr '+' E,.addr); }

{ E.addr = top.get(id.lezeme); }

{ E.addr = new Temp();

gen(E.addr '=" L.array.base "' L.addr')'); }

{ L.array = top.get(id.lexeme);
L.type = L.array.type.elem;
L.addr = new Temp();

gen(L.addr '=" E.addr '« L.type.width); }

{ L.array = L,.array;
L.type = Ly.type.elem;
t = new Temp():
L.addr = new Temp():
gen(t '=" E.addr "' L.lype.width); }
gen(L.addr '=" Ly .addr '+ t); }

L.array is a pointer to the
symbol-table entry for the array
name.

L.array.base indicates base
address of the array -- array
name

L.type is the type t of the
subarray generated by L.

For array type t, we assume that
its width is given by t.width.

For any array type t, t.elem
gives the type of array element.



Translation of Array Expressions

§ - id=E; { gen(top.get(id.lezeme) '=' E.addr); ) 4mmmmmm Standard
| L=E; {gen(L.addr.base'|' L.addr')' '='" E.addr); }

E - E, +E, { E.addr = new Temp();
gen(E.addr '=" Ey.addr '+' E.addr); }

| id { E.addr = top.get(id.lezeme); }  (ummm Standard

| L { E.addr = new Temp();
gen(E.addr '=" L.array.base '[' L.addr')'); }

L - id[E]1 {Larray= top.get(id.lexeme):
L.type = L.array.type.clem;
L.addr = new Temp();
gen(L.addr '=" E.addr '+' L.type.width); }

| Ly LE] { L.array = L,.array;
L.type = Ly.type.elem;
t = new Temp():
L.addr = new Temp():
gen(t '=" E.addyr '+' L.type width); }
gen(L.addr '=" Ly .addr '+ t); }



Translation of Array Expressions

§ = id=E; { gen(top.get(id.lezeme)'=" E.addr); }
| L=E; {gen(L.addr.base' L.addr') '=' E.addr); } (o=

E - E, +E, { E.addr = new Temp();
gen(E.addr '=" Ey.addr '+' E.addr); }

| id { E.addr = top.get(id.lezeme); }

| L { E.addr = new Temp();
gen(E.addr '=" L.array.base '[' L.addr')'); } ===

L - id[E]1 {Larray= top.get(id.lexeme):
L.type = L.array.type.clem;
L.addr = new Temp();
gen(L.addr '=" E.addr '+' L.type.width); }

| Li LE] {L.array= Ly.array;
L.type = Ly.type.elem;
t = new Temp():
L.addr = new Temp();
gen(t '=" E.addyr '+' L.type width); }
gen(L.addr '=" Ly.addr '+ t); }



Translation of Array Expressions

expression c+alil (j]

[T
/ + \\
E § - id=E;
id L | L=E;

. - /N
L C E\] E - E + B

| | id
g J. L

L »id[E]

Parse tree | L (E]



Translation of Array Expressions

E.addr = t;
I \ - W ]
; ~ expression c+alil (j]
E.addr = c E.addr =ty
| l
c L.array = a
L.type = integer
L.addr = t3
L.array = a =
L.type = array(3, integer) [ E.addr = j 1
L.addr = t, . |
2 N ey j
[ E.addr= i 3

a.type
= array(2, array(3, integer)) l

L - id [ E] ({L.array= top.get(id.lexeme);
L.type = L.array.type.elem;
L.addr = new Temp();
E o L { E-addr = new Temp(); gen(L.addr '=" E.addr '+' L.type.width); }
gen(E.addr '=" L.array.base'[' L.addr')'); }
| Li CE] { L.array = Ly.armay;
L.type = Ly.type.elem;
E & id { E.addr = top.get(id.lexeme); } t = new Temp();
L.addr = new Temp();
gen(t '=" E.addr '+’ L.type.width); }
gen(L.addr '=" Ly.addr '+ t); }



Translation of Array Expressions

E.addr = t;
I . . .
// . \\ expression c+alil (j]
E.addr = c E.addr =ty
| i
c L.array = a
L.type = integer
1 L.addr = t3 —
- : = *
C] [ R [t =1 % 12]
L.type = array(3, integer) [ E.addr = j 1
L.addr = t, < |
2 N ey 3
[ E.addr= i 3

a.type
= array(2, array(3, integer)) l
L - id[E] {L.array= top.get(id.lexzeme);
L.type = L.array.type.elem;
L.addr = new Temp();
gen(L.addr '=" E.addr '+' L.type.width); }

| Li LE] {L.array= L,.array;
L.type = L,.type.elem;
E - id { E.addr = top.get(id.lezeme); } t = new Temp();
L.addr = new Temp();
gen(t '=" E.addr '+’ L.type.width); }
gen(L.addr '=" Ly.addr '+ t); }



Translation of Array Expressions

E.addr = t;
I . . .
£ e expression c+a[i] [j]
E.addr = c E.addr =ty
| a[illj] | =
c L.array = a T ix12
L.type = integer
e L.addr = t3 .
L.array = a = / N o ty = ) * 4
L.type = array(3, integer) [ E.addr = j ] -
L.addr = t; N ; tz3 = 6 + ty
P . e 3
[ E.addr= i 3

a.type
= array(2, array(3, integer)) l
L - id [ E] ({L.array= top.get(id.lexeme);
L.type = L.array.type.elem;
L.addr = new Temp();
gen(L.addr '=" E.addr '+' L.type.width); }

| Li LE] {L.array= L,.array;
L.type = Ly.type.elem;
t = new Temp();
L.addr = new Temp();
gen(t '=" E.addr '+’ L.type.width); }
gen(L.addr '=" Ly.addr '+ t); }

E — id { E.addr = top.get(id.lexeme); }



Translation of Array Expressions

E.addr = t5
I s . :
// . \\ expression c+alil (j]
E.addr = c » E.addr =ty
| i =
& Tisvey=2 t, =1 % 12
L.type = integer
e L.addr = t3 .
L.array =a 4 / N - ty = ] * 4
L.type = array(3, integer) [ E.addr = j ] =
e N | B3 =t + B
>~ & N T j
[ E.addr= i 3 td = a [ t3 ]
a.type
= array(2, array(3, integer)) l
E = L { E.addr = new Temp();

gen(E.addr '=" L.array.base'[" L.addr')’); }



Translation of Array Expressions

E.addr = t5
l . . .
; \\ expression c+alil (j]
E.addr = c E.addr =ty
| |
c L.array = a .
L.type = integer ty =1 % 12
L.addr = t3 _
L.array = a ~ / N o t2 = j * 4
L.type = array(3, integer) [ E.addr = j ] 1;_3 =t + tg
L.addr = t i i t = a [ t, ]
T N T~ j 4 3
aigpe [ E.addr = i ] t:;l =c + tj
= array(2, array(3, integer)) l

L - id[E] { L.array= top.gel(id.lezeme);
L.type = L.array.type.elem;
L.addr = new Temp();
E = L { E.addr = new Temp(); PL); )
gen(E.addr'=" L.array.base '[' L.addr'}); } gen(L.addr '=" E.addr '+’ L.type.width); }

| Li CE] { L.array= Ly.array;
L.type = L,.type.elem;
t = new Temp():;
L.addr = new Temp();
gen(t '=" E.addr '+’ L.type.width); }
gen(L.addr '=" Ly.addr '+ t); }

E — id { E.addr = top.get(id.lexeme); }



Translation of Array Expressions

§ 5 id=E;
| L=E;

E -+ E +E
| id
| L

L - id[E]
| L [E]

{ gen( top.get(id.lezeme) '=' E.addr); } L.addr denotes a temporary
variable containing the offset
of the array elements (array

{ E.addr = new Temp(); index)
gen(E.addr '=" Ey.addr '+' E.addr); }

{ gen(L.addr.base'[' L.addr ') '=" E.addr); }

{ E.addr = top.get(id.lezeme); } . .
base + iy X wy + 12 X we
{ E.addr = new Temp();
gen(E.addr '=" L.array.base '[' L.addr')'); }

{ L.array = top.get(id.lexeme);
L.type = L.array.type.clem;
L.addr = new Temp/();
gen(L.addr '=" E.addr '+' L.type.width); }

{ L.array = L,.array;
L.type = Ly.type.elem;
t = new Temp();
L.addr = new Temp():
gen(t '=" E.addr "' L.lype.width); }
gen(L.addr '=" Ly .addr '+ t); }



Type Conversions

Consider expressions like x + i, where x is of type float and i is of type integer

Since the representation of integers and floating-point numbers is different
within a computer

Compiler may need to convert one of the operands of + to ensure that both
operands are of the same type when the addition occurs.

Suppose that integers are converted to floats when necessary, using a unary
operator (float). For example, the integer 2 is converted to a float in the code
for the expression 2 *3.14:

t; = (float) 2
tq t, * 3.14

1]



Type Conversions

We introduce another attribute E.type, whose value

is either integer or float. The rule associated with E — E; + E5 builds on the
pseudocode

if ( Ey.type = integer and Es.type = integer ) E.type = integer;
else if ( E).type = float and Es.type= integer )

Type conversion rules
widening conversions, which are intended to preserve information,

double

. . . \
* Conversion from one type to another is said to be float

implicit if it is done automatically by the compiler. long

Conversion is said to be explicit if the programmer must !

nt

write something to cause the conversion. o N
Explicit conversions are also called type casts

|
byte



The semantic action for checking E — E) + E» uses two functions:

1.

maz(ty, ) takes two types ¢, and 2 and returns the maximum (or least
upper bound) of the two types in the widening hierarchy. It declares an
error if either £, or ¢2 is not in the hierarchy; e.g., if either type is an array
or a pointer type.

. widen(a,t,w) generates type conversions if needed to widen an address

a of type t into a value of type w. It returns a itself if ¢ and w are the
same type. Otherwise, it generates an instruction to do the conversion
and place the result in a temporary ¢, which is returned as the result.
Pseudocode for widen, assuming that the only types are integer and float,

Addr widen(Addr a, Type t, Type w)
if (t=w ) return a;
else if ( t = integer and w = float ) {
temp = mew Temp();
gen(temp '="'(float)’ a);
return temp;

}
else error;



S = id=E; { gen(top.get(id.lexzeme) ‘=" E.addr); }

E - E, + E; { E.addr = new Temp();
gen(E.addr '=' E.addr '+' E,.addr): } _

| - E { E.addr = new Temp();
gen(E.addr '=' 'minus’ E;.addr); }

| (Ey) { E.addr = E,.addr; }

| id { E.addr = top.get(id.lezeme); }

New semantic action illustrates how type conversions can be added to the
SDT for translating expressions



S = id=E; { gen(top.get(id.lezeme) '=" E.addr); }

E —» E, +E { E.addr = new Temp(); _
gen(E.addr '=' E,.addr'+' E;.addr):; }

| =B { E.addr = new Temp();
gen(E.addr '=' "minus’ E,.addr); }

| CEy) { E.addr = E.addr; }

| id { E.addr = top.get(id.lezeme); }

New semantic action illustrates how type conversions can be added to the
SDT for translating expressions

E — E,+E; {E.type = maz(E.type, Es.type);
@ = widen(E,.addr, E;.type, E.type);
as = widen(E».addr, Es.type, E.type);
E.addr = new Temp ();
gen(E.addr'=" a; '+ a2); }



Major translation classes of Three address
code generation

(a) Declaration statements (+ handling data
type and storage)

(b) Expressions and statements

(a) Control flow statements



Control Flow

Translation of statements such as if-else-statements and while-
statements

Key step: Translation of boolean expressions 5§ - #(B)5

S = i (B) S5 else 5,
S = while (B) S
Boolean expressions are used as

(i) Conditional expressions in statements that alter the flow of
control

(i) A boolean expression can evaluate true Or false as values. Such
boolean expressions can be evaluated in analogy to arithmetic
expressions using three-address instructions with logical
operators

* The intended use of boolean expressions is determined by its
syntactic context.
* We concentrate on the use of boolean expressions to alter the
flow of control.
* For clarity, we introduce a new nonterminal B



Control Flow: Three address codes

4. An unconditional jump goto L. The three-address instruction with label
L is the next to be executed.

5. Conditional jumps of the form if z goto L and ifFalse & goto L. These
instructions execute the instruction with label L next if z is true and
false, respectively. Otherwise, the following three-address instruction in
sequence is executed next, as usual.

6. Conditional jumps such as if = relop y goto L, which apply a relational
operator (<, ==, >=, etc.) to x and y, and execute the instruction with
label L next if x stands in relation relop to y. If not, the three-address
instruction following if = relop y goto L is executed next, in sequence.



Boolean Expressions

B - BIIB|B&B | !B | (B)| Erel E | true | false

<, <=,=,!=, > or >= is represented by rel.

Given the expression By || Bs, if we determine that B; is true, then we
can conclude that the entire expression is true without having to evaluate Bs.
Similarly, given B;&& D, if B is false, then the entire expression is false.

The semantic definition of the programming language determines whether
all parts of a boolean expression must be evaluated. |

Short-Circuit Code

In short-circuit (or jumping) code, the boolean operators &&, ||, and ! trans-
late into jumps.

The operators themselves do not appear in the code; instead,
the value of a boolean expression is represented by a position in the code se-
quence.



Control Flow

if ( x <100 || x > 200 & x !=y ) x = 0;

if x < 100 goto Lo .

ifFalse x > 200 goto L

ifFalse x '= y goto L
P»lo: x=0

»Ll :



Translation of Flow-of-Control Statements
into three-address code

S —= if(B)S
S — if(B)S else S,
S — while (B) 5

* Nonterminal B represents a boolean expression and nonterminal S
represents a statement.

* Both B and S have a synthesized attribute code, which gives the
translation into three-address instructions.

* Inherited attributes B.true, B.false, S.next generate labels for control
flow

* B.true the label to which control flows if B is true,

* B.false, the label to which control flows if B is false.

* With a statement S, we associate an inherited attribute S.next
denoting a label for the instruction immediately after the code for S.



to B.true
——

B.code _| o B.false S — if (B) S,

B.true :
S1.code

B false :

(a) if

* Nonterminal B represents a boolean expression and nonterminal S
represents a statement.

* Both B and S have a synthesized attribute code, which gives the
translation into three-address instructions.

* Inherited attributes B.true, B.false, S.next generate labels for control
flow

* B.true the label to which control flows if B is true,

* B.false, the label to which control flows if B is false.

* With a statement S, we associate an inherited attribute S.next
denoting a label for the instruction immediately after the code forS.



PRODUCTION

SEMANTIC RULES

P = S5

S — assign

S = if (B)S

S.next = newlabel()
P.code = S.code || label(S.next)

S.code = assign.code
B.true = newlabel()

B.false = S).next = S.next
S.code = B.code || label(B.true) || Si.code

newlabel() creates a new label each time it is called,
label(L) attaches label L to the next three-address instruction to be

generated

A program consists of a statement generated by P ->S.
The semantic rules associated with this production initialize S.next to a

new label.

P.code consists of S.code followed by the new label S.next.



PRODUCTION

SEMANTIC RULES

assign in the production
assignment statements.

P = S5

S — assign

S = if (B)S

S.next = newlabel()
P.code = S.code || label(S.next)

S.code = assign.code . standard

B.true = newlabel() 5 id=E;
B.false = S).next = S.next

S.code = B.code || label(B.true) || Si.code
S —> assign is a placeholder for

In translating S -> if (B) S1, the semantic rules create a new label B.true
and attach it to the first three-address instruction generated for the

statement S1.

Thus, jumps to B.true within the code for B will go to the code S1.
By setting B.false to S.next, we ensure that control will skip the code
for S1 if B evaluates to false.



Translation of Expressions statement a = b+-c¢

Three-address code for an assignment statement

t1 = minus c
to = b + 1
a = tg

PRODUCTION SEMANTIC RULES
S = id=E; | S.code = E.code ||
gen(top.get(id.lereme) '=" E.addr)

E = E;+E, | E.addr = new Temp()
E.code = E1.code || E;.code ||
gen(E.addr ‘=" Ey.addr '+' E3.addr)

| - E E.addr = new Temp ()
E.code = Ej.code ||
gen(E.addr '=" 'minus’ E,.addr)

| (Ep) E.addr = E;.addr
E.code = E.code

| id E.addr = top.get(id.lezeme)

E.code=""

Attribute code for S

attributes addr and code for an expression E.

Attributes S.code and E.code denote the three-address code for S and E, respectively.
Attribute E.addr denotes the address that will hold the value of E.




S — if(B)S; B.true = newlabel()
B.false = S).next = S.next
S.code = B.code || label(B.true) || Si.code

B.code |, B. false
-

to B.true
——

B.t :
L S1.code

B.false :
(a) if

* Intranslating S -> if (B) S1, the semantic rules create a new label B.true
and attach it to the first three-address instruction generated for the
statement S1.

* Thus, jumps to B.true within the code for B will go to the code S1.

* By setting B.false to S.next, we ensure that control will skip the code
for S1 if B evaluates to false.



Translation of Boolean Expressions

B — E) rel By | B.code = E,.code || Ez.code
[| gen('if" E,.addr rel.op Es.addr 'goto’ B.true)
i| gen{'goto’ B.false)

P =5
if a>b
X= P S — assign S~ id=E;
? S o if(B)S,
if 'B :“11
Ei '> éz



PRODUCTION

SEMANTIC RULES

P S

S — assign

S - if(B)S
S-> id=E;

S.next=L1

S.next = newlabel()
P.code = S.code || label(S.next)

S.code = assign.code
B.true = newlabel()

B.false = Si.next = S.next
S.code = B.code || label(B.true) || Si.code

P.Code:

S.code
L1:

p
s
|f> 'B S1
El '> E2
a b

if a>b



PRODUCTION SEMANTIC RULES

P =S S.next = newlabel()
P.code = S.code || label(S.next)

i
/]

S — assign S.code = assign.code ~
S = if(B)S B.true = newlabel() BT= L2 N

B.false = Si.next = S.next . B.F=L1
S.code = B.code || label(B.true) || Si.code If , B . S1

. £l > E2
S.next=L1 P.Code: ‘
B.true= L2 B.code J |
B. false=L1 L2- a b
S1.code
L1:



PRODUCTION SEMANTIC RULES P
P =S S.next = newlabel()
P.code = S.code || label(S.next) J
S — assign S.code = assign.code / S \\
S = if(B)S B.true = newlabel() J BT= L2 N
B.false = Si.next = S.next .
S.ct()Lt;e = B.lcode:H label(B.true) || S1.code If y, B Bf Y
/// l \\\\\
. 1 > E2
S.next=L1 P.Code: :
B.true= L2 if a>b goto L2 J |
B. false=L1 goto L1 a b
L2: 51 .
L1:...... if a>b

B — E,rel Ey | B.code = E;.code || Es.code

[| gen('if" Ey.addr rel.op Es.addr 'goto’ B.true)
|| gen(‘goto’ B.false)



Translation of Boolean Expressions

PRODUCTION SEMANTIC RULES
B = B |l B, B .true = B.true If Bl is true, then we immediately know that B itself
B false newlabel() is true, so Bl.true is the same as B.true.
1_ — L
Bs.true = B.true If B1 is false, then B2 must be evaluated, so Bl.false
B,.false = B ftllse gets the label of the first instruction in the code for B2
B.code = By.code || label( By .false) || By.code
The trhe and false exits of B2 are the same as the true and false
B1 exits of B, respectively.
B
L2
B2

L1




Translation of Boolean Expressions

PRODUCTION SEMANTIC RULES
B — By || B | By.true = B.true )
newlabel()

B, .false = newlabel() P =8 S.next
Bj.true = B.true P.code
B, false = B.false

B.code = Bj.code || label( By false) || Bs.code

nn

S.code || label(S.next)

B — B, && B | B.true = newlabel()

B, .false = B.false S = if(B) S
Bs.true = B.true

Bs.false = B.false

B.code = By .code || label(By.true) || Ba.code

B.true = newlabel()
B.false = Sy.next = S.next
S.code = B.code || label(B.true) || Si.code

B = !B By .true = B.false
B, .false = B.true
B.code = By.code

B - E, rel By, | B.code = E,.code || E;.code
|| gen('it" E,.addr rel.op Es.addr 'goto’ B.true)
|| gen('goto’ B.false)

B — true B.code = gen('goto’ B.true)

B — false B.code = gen('goto’ B.false)



if( x < 100 || x > 200 &&

B — Eyrel B | B.code = Ey.code || Ey.code
|[ gen('i2" Ey.addr rel.op Es.addr 'goto’ B.true)

|| gen('goto’ B.false)

0
«
o
»

E <

|

id(x)

I

PRODUCTION [ SemanTic RuLEs
res | et = e Mottt mect P B.code=If x<100 goto L2
S - assign [ S.cote = assign.code goto L3
| S.next=L1
S o if(B)S l ne L3 B.code=If x>200 goto L4
se ezt = S.ne S.code=?? -
| ot = Boni | abli3 ) I 1 code S N goto L1
/ N PERTS
// l > If xI=y goto L2
v T=12 goto L1
L
/ N
B.code=Ifx<100 goto L2 / N
goto L3 / L B2t B.code=If x>200 goto L4
B1T=L2 4 ' o
B2.F=L1 goto L1
pLres Bl Il B2 -

-

N -
BiT=ta /| -

BLF=L1Y |~ . B2T=L2
\ Bl && BZ part B.code=If x!=y goto L2
‘.‘ " \ ‘o \ goto L1
v E1 > g1 E1 = F1
id \ | |

(100) i'd(x) id'(zoo)id(x) id(y)



La:
Ly:

La:
L:

if x < 100 goto L2
goto L3

if x > 200 goto Ly
goto L;

if x != y goto Ly

goto Ly

x=0

|f
B.code=If x<100 goto L2

goto L3
B1T=L2

E <

|

id(x)

/’ .

/
»
B1.F=L3 Bl

I

if( x < 100 || x > 200 && x !'=y ) x

P B.code=If x<100 goto L2
goto L3
S.next=L1
l ne 3 B.code=If x>200 goto L4
S.code=?? -
S “ goto L1
/ £ L4:
l / If xI=y goto L2
goto L1

BBF 1 s

B.code=If x>200 goto L4

S B2T=L2 ;
~ goto L1
—~

[ B2 B2F-L1

N -
BiT=ta /| -

B1.F=L1 l'a/ .. B2T=L2

| Bl \&& BZ Barett B.code=If x!=y goto L2
\ ' R goto L1

© E1 > p1 El'= E1

id

(100) id(x) "200id(x) 90

-




Translation of if-else statement

PRODUCTION

SEMANTIC RULES

P = S

S — if (B) S else S,

S.next = newlabel()
P.code = S.code || label(S.next)

B.true = newlabel()
B.false = newlabel()
Sy.next = Sp.next = S.next

_J_L_<)>B.tr'u.e
B.code |6 B false S.code = B.code
= e || label(B.true) || Si.code
Bk Sy .code || gen('goto’ S.next)
|| label(B.false) || Sa.code
goto S.next
B.false : Sy.code * Intranslating the if-else-statement, if B is true , the code for the
boolean expression B has jumps to the first instruction of the code
S.next : v for S1,
(b) if-clse « if Bis false, control jumps to the first instruction of the code for S2.

Further, control flows from both S1 and S2 to the three-address

instruction immediately following the code for S — its label is
given by the inherited attribute S.next.

* An explicit goto S.next appears after the code for S1 to skip over
the code for S2 . No goto is needed after S2 , since S2.next is the

same as S.next.



PRODUCTION

SEMANTIC RULES
P =S

S.next newlabel()
P.code = S.code || label(S.next)

n

S — if (B) S; else Sy | B.true = newlabel()

B.false newlabel()

Si.next = Sp.next = S.next
S.code = B.code

|| label(B.true) || Sy.code
|| gen('goto’ S.next)
Se |d=E, || label(B.false) || Sa.code
'Y A
if BBF3 S1 else S2

|

El > E2

if a>b
J " x=0;
. 5 else

y=0. L1:

B — E,rel By

B.code = E.code || E.code

|| gen('if" Ey.addr rel.op Es.addr 'goto’ B.true)
|| gen('goto’ B.false)



PRODUCTION
P - S

SEMANTIC RULES

P
s
/S
J BT=L2 \ S~ O

if B BF=L3 S1 else ‘52

E1l > E2
J '\,‘ if a>b
! X=O;
a b

else

B — E rel By | B.code = E).code || Ey.code

|| gen('if" E,.addr rel.op Es.addr 'goto’ B.true)
|| gen('goto’ B.false)

y=0;

S — if (B) S else S,

\ $> id=E;

S.nert = newlabel()
P.code = S.code || label(S.next)

B.true = newlabel()
B.false newlabel()
S .next So.next = S.next
S.code = B.code
|| label(B.true) || Sy.code
|| gen('goto’ S.next)
|| label(B.false) || Sa.code

B.code=

if a>b goto L2
goto L3

L1:



PRODUCTION SEMANTIC RULES
P - S

S.next = newlabel()
P.code = S.code || label(S.next)

P S — if (B) S else Sy | B.true = newlabel()
B.false newlabel()
J Si.next = Sp.next = S.next
S. next L1
/S

S.code = B.code
|| label(B.true) || Sy.code

|| gen('goto’ S.nea:t)'
S—> id=E;

BT=l2 « -

|| label(B.false) || Sa.code
if B BF3 S1 else §2
l S.code=
/ ™ if a>b goto L2
El > EZ goto L3
J “". if a>b L2: x=0
' x=0; goto L1
2 b else L3:y=0

y=0; L1:



Translation of while statement

B to B.true S — while (B) S, begin = newlabel()
begin : | I B.true = newlabel()
| B.code lto B.false .
— T B.false = S.next
Bitrue s | o ode | Sy.next = begin
- —| S.code = label(begin) || B.code
| goto begin | ) || label(B.true) || S.code
Bfalse | - 1 while || gen('goto’ begin)

We use a local variable begin to hold a new label attached to the first
instruction for this while-statement,

* which is also the first instruction for B.
Variable begin is local to the semantic rules for this production.

The inherited label S.next marks the instruction that control must flow to if B
is false; hence, B.false is set to be S.next.

A new label B.true is attached to the first instruction for S1;
* the code for B generates a jump to this label if B is true.
After the code for S1 we place the instruction goto begin, which causes a jump
back to the beginning of the code for the boolean expression.
Note that S1.next is set to this label begin



Translation of while statement

Homework

while(a>b)
x=0;



Avoiding Redundant Gotos

£ > 200 goto L Free fall to L4 when x>200
1
* goLo L4 Jumps to L1 only when x<=200
goto L
L4 i -
The code for statement S1
Instead, consider the instruction: immediately follows the code for the
boolean expression B
ifFalse x > 200 goto L, if
| P
B
L1 S1

L2

S N if' (B) Sl » B.true = fall

B.false = Sl.nezt = S.next Jump when false
S.code = B.code || Sy.code

S - if (B)S B.true = newlabel) L1
B.false = S;.next = S.next
S.code = B.code || label(B.true) || Sy.code




Avoiding Redundant Gotos

B - E; rel E;

test = Ey.addr rel.op Es.addr

s = if B.true # fall and B.false # fall then
gen('if’ test 'goto’ B.true) || gen('goto’ B.false)
else if B.true # fall then gen('if’ test 'goto’ B.true) Jump when true
else if B.false # fall then gen('ifFalse’ test 'goto’ B.false) Jump when false
else '’

B.code = E;.code || E.code || s

B — E, rel By | B.code = E,.code || Ey.code
|| gen('it" E,.addr rel.op F>.addr 'goto’ B.true)
|| gen('goto’ B.false)




Avoiding Redundant Gotos

if x>200
a=0



Avoiding Redundant Gotos

B = By || B, B .true = B.true
. B .false = newlabel()
Semantic rules for B — By || By By.irue = Bitrue
B;.false = B.false
B.code = By .code || label(By.false) || By.code

Bj.true = if B.true # fall then B.true else newlabel()
B, .false = fall
B, .true = B.true
B;.false = B.false
B.code = if B.true # fall then B, .code || Bs.code
else Bj.code || Ba.code || label( B, .true)

* Meaning of label fall for B is different from its

meaning for B1.
* Suppose B.trueis fall; i.e, control falls through B, if B Bl

evaluates to true. li2 B
* Although B evaluates to true if B1 does, B1.true must B2

ensure that control jumps over the code for B2 to get

to the next instruction after B. 11



PRODUCTION

SEMANTIC RULES

P S

S — assign

S - if(B)S
S-> id=E;

S.next=L1

S.next = newlabel()

P.code = S.code || label(S.next)

p
S.code = assign.code }
S
B.true = newlabel()
B.false = Sy.next = S.next A .
S.code = B.code || label(B.true) || Si.code if B s1
E1 > E2
P.Code:
S.code a b
L1:

If x>100 || a>b
x=0;



Avoiding Redundant Gotos

if( x <100 || x > 200 && x '=y ) x = 0;

N if x < 100 goto L2
if x < 100 goto Ly goto Ly
ifFalse x > 200 goto L, fai 42 % > 200 mote L
. goto L;
ifFalse x != y goto L, Lyt if x != y goto Ly
. = goto L
La: x 0 Ly: x=0
L] H Ly




Avoiding Redundant Gotos

if( x < 100 || x > 200 && x '=y ) x = 0;

change
P B.code=If x<100 goto L2 ‘
goto L3
S.next=L1
l ne 3 B.code=If x>200 goto L4
S.code=?? e
S N goto L1
change |
If xI=y goto L2
‘ BIZL2 e goto L1
,f B BF=L1 §1
B.code=If x<100 goto L2 ! ’
goto L3 | B.code=If x>200 goto L4
B1.T=L2 4 B‘Z :;;r_ti ~ goto L1
B1.F=L3 Bl | | T _—
/ BLT=L4 AN
Elir < © BLF=L1/ | - .  B2T=L2
- B2.F=L1
| Bl \ && BZ . B.code=If x!=y goto L2
J \ ‘o ‘:‘ goto L1
| I=
+ E 1 > E 1 E 1 El
id(x) id | | |

| v

(100) id(x) id(zoo)id(x)



i | gen("goto' begm)

S = 55 S1.next newlabel()
Sy .next S.next
S.code = Sy.code || label(S;.neat) || Ss.code




Backpatching: Problem

PRODUCTION SEMANTIC RULES P
P =S S.next = newlabel()
P.code = S.code || label(S.next) J
S — assign S.code = assign.code /S “\
S = if (B) S B.true = newlabel() J BT= L2 "
B.false = S).next = S.next .
S.code = B.lc:deIH label(g.at:rue) || S1.code If B BI\: 1Sl
. 1 > E2
S.next=L1 P.Code: ‘;
B.true=L2 if a>b goto L2 J |
B. false=L1 goto L1 a b
L2:S1
L1t..... if a>b

B — E,rel Ey | B.code = E;.code || Es.code

[| gen('if" Ey.addr rel.op E;.addr 'goto’ B.true)
|| gen(‘goto’ B.false)



Backpatching

* Key problem when generating code for boolean expressions and flow-of-
control statements is that
* Matching a jump instruction with the target of the jump.
* For example, the translation of the boolean expression B in if ( B ) S contains
a jump,
* when B is false, jump to the instruction following the code for S.

* Inaone-pass translation, B must be translated before S is examined.

*  What then is the target of the goto that jumps over the code for S?

if

S = if(B)S B.true = newlabel()
B.false = S).next = S.next
S.code = B.code || label(B.true) || Si.code

L1 S
L2



Backpatching

Lists of jumps are passed as synthesized attributes.

When a jump is generated, the target of the jump is temporarily left
unspecified.

Each such jump is put on a list of jumps whose labels are to be filled in
when the proper label can be determined.

All of the jumps on a list have the same target label.

Synthesized attributes truelist and falselist of nonterminal B are used to
manage labels.

B.truelist will be a list of jump or conditional jump instructions into
which, we must insert the label to which control goes if B is true.
B.falselist likewise is the list of instructions that eventually get the label
to which control goes when B is false.

Code is generated for B, jumps to the true and false exits are left

incomplete, with the label field unfilled.

These incomplete jumps are placed on lists pointed to by B.truelist and
B.falselist, as appropriate.




Backpatching

* We generate instructions into an instruction array,
Labels will be indices into this array.
* To manipulate lists of jumps, we use three functions:

1. makelist(i) creates a new list containing an index i into the array of
instructions; makelist returns a pointer to the newly created list.

2. merge(p1,p2) concatenates the lists pointed to by p1 and p2, and returns
a pointer to the concatenated list.

3. backpatch(p,i) inserts i as the target label for each of the instructions on
the list pointed to by p.



Backpatching for Boolean Expressions

* We now construct a translation scheme suitable for generating code for
Boolean expressions during bottom-up parsing.

B - E, rel B, { B.truelist = makelist(nextinstr);
B.falselist = makelist(nestinstr + 1);
emit('if’ E;.addr rel.op E».addr 'goto ');
emit('goto '); }

B — true { B.truelist = makelist(nextinstr);
emit('goto '); }

B — false { B.falselist = makelist(neztinstr);
emit('goto '); }

Semantic actions generates two instructions, a conditional goto and an
unconditional goto.

Neither has its target filled in.

These instructions are put on new lists, pointed to by B. truelist and B .falselist
respectively



Backpatching for Boolean Expressions

* We now construct a translation scheme suitable for generating code for
Boolean expressions during bottom-up parsing.

* A marker nonterminal M causes a semantic action to pick up, at .
appropriate times, the index of the next instruction to be generated.

[

) B— By || M By { backpatch(B, falselist, M.instr),
B.truelist = merge( B, .truelist, By.truelist);
B.falselist = By.falselist; }

* If Blistrue, then B is also true, so the jumps on Bl.truelist become part of
B.truelist.

* If Blis false, however, we must next test B2,

* So the target for the jumps B1l.falselist must be the beginning of the code
generated for B2.

* This target is obtained using the marker nonterminal M.

* That nonterminal M produces, as a synthesized attribute M.instr, the index
of the next instruction, just before B2 code starts being generated.



Backpatching for Boolean Expressions

To obtain that instruction index, we associate with the production M — €
the semantic action

{ M.instr = neatinstr; }

The variable neztinstr holds the index of the next instruction to follow. This
value will be backpatched onto the B;.falselist (i.e., each instruction on the
list Bj.falselist will receive M.instr as its target label) when we have seen the
remainder of the production B — B, | | M Bs.



1)

3)
4)

5)

6)

B—)Bl ”MBz

B—}Bl&&MB2

B— !B

B—(B)

B — E, rel E,

B — true

B — false

{ backpatch(B, .falselist, M .instr);
B.truelist = merge(B, .truelist, By.truelist);
B.falselist = Bs.falselist; }

{ backpatch(B, .truelist, M .instr);

B.truelist = Bs.truelist;

B.falselist = merge(B, .falselist, B.falselist); }
{ B.truelist = B,.falselist,

B.falselist = B, .truelist; }

{ B.truelist = B .truelist;
B.falselist = B, .falselist; }

{ B.truelist = makelist(nextinstr);
B.falselist = makelist(nextinstr + 1);
emit('if’ E).addr rel.op E;.addr 'goto ');
emit('goto '); }

{ B.truelist = makelist(neztinstr);
emit('goto '); }

{ B.falselist = makelist(nextinstr);
emit('goto '); }

{ M.instr = nextinstr; }



B-B || MB, { backpach(B, Jfalselist, M .instr)
Consider again the expression

B.truelist = merge( B, .truelist, B,.truelist)
B.falselist = By.falselist; }

B = B, && M B; { backpatch(B, .truelist, M .instr);
B.truelist = By.truelist;
B.falselist = merge(B, .falselist, B, .falselist); }
2<100 1l z>200&& z!= y
B = E, rel E, { B.tr udi?s't = makelist( nextinstr)
= {100,104}
B.f = {103,105}

B.falselist = mnkeliat(n{zlimtr; 1);
emit('if' E.addr rel.op E;.addr 'goto ');
emit('goto '); }
Mi= 102
B.t = {100} B.t = {104}
B.f = {101} B.f = {103,105}
71\ 7\
< 100 ;
&& M.a =104
0 pes UET Bi={102) | B.t = {104}
B.f = {103} e
/ I\

X

B.f = {105}
£k
X > 200 x I=
102: if x > 200 goto _
103: goto _

y



100:
101:
102:
103:
104:
105:

if x
goto
if x
goto
if x
goto

< 100 goto _
> 200 goto
'= y goto _

Consider again the expression

z<100 || 2>200&& z! =y



100:
101:
102:
103:
104:
105:

if x < 100 goto - Consider again the expression
z<100 1l 2>200&&x!=y

goto _

if x > 200 goto 104 -
goto _

if x != y goto _

goto _

(a) After backpatching 104 into instruction 102.

100:
101:
102:
103:
104:
105:

if x < 100 goto _

goto 102 -
if y > 200 goto 104

goto _

if x != y goto _

goto _

(b) After backpatching 102 into instruction 101.

The entire expression is true if and only if the gotos of instructions 100
or 104 are reached, and is false if and only if the gotos of instructions 103 or
105 are reached. These instructions will have their targets filled in later in
the compilation, when it is seen what must be done depending on the truth or
falsehood of the expression.



Flow-of-Control Statements

Boolean expressions generated by nonterminal B have two lists of
jumps, B.truelist and B.falselist, corresponding to the true and false
exits from the code for B

Statements generated by nonterminals S and L have a list of unfilled
jumps

S.nextlist is a list of all conditional and unconditional jumps to the
instruction following the code for statement S in execution order.
L.nextlist is defined similarly.



Flow-of-Control Statements

1) S = if(B) M S, { backpatch(B.truelist, M.instr);
S.nestlist = merge(B.falselist, Sy.nextlist); } —

2) §— if(B)M, SN else Mz S, to B.true
{ backpatch(B.truelist, M, .instr); o
backpatch(B.falselist, M.instr); B.code B to B.false
temp = merge(S;.nestlist, N.nextlist); -
S.nextlist = merge(temp, Sy.nextlist); } B.true :
S1.code
3) S— while M, (B) M5,
{ backpatch(S, .nextlist, M,.instr); B.false :
backpatch(B.truelist, M,.instr);
S.nextlist = B.falselist; (a) if
emit('goto’ M.instr); }
4 S—-{L} { S.nextlist = L.nestlist; }
5) S A; { S.neztlist = null; }
6) M — ¢ { M.instr = neatinstr; }
7)) N—=e { N.nextlist = makelist(neztinstr);

emit('goto '); }

8 L»L,MS { backpatch(L, .nextlist, M.instr);
L.nestlist = S.nextlist; }

9) LS { L.nestlist = S.nextlist; }



Flow-of-Control Statements

Homework

if(x<100]| | x>200 && x!=y)
a=0;
b=0;



Flow-of-Control Statements (while)

S — while (B) S;

S — while M; (B) M, S,
{ backpatch(S, .nextlist, M, .instr);
backpatch(B.truelist, Ms.instr),
S.nextlist = B.falselist;
begin : | tQ Brtrue €1ILit(IgOtO’ M, .instr); }
B.code _lEJ__B.ntsa
|
Sy.code |

g_ot_cj_be,qin
s while

The two occurrences of the marker nonterminal M record the
instruction numbers of the

M1--beginning of the code for B (begin) and the
M2--beginning of the code for S1 (B.true).

B.true :

B.false :



Flow-of-Control Statements (while)

begin [ —to B.true S — while M; (B) M, S,
: B.code | 1o B false { backpatch(S, .nextlist, M, .instr);
Birue :| . | backpatch(B.truelist, M.instr);
Si-code | S.nextlist = B.falselist;
goto begin emit('goto’ M,.instr); }
B.false : | T i‘ while

* Attribute M.instr points to the number of the next instruction.
* After the body S1 of the while-statement is executed,
* Control flows to the beginning.
* We backpatch S1.nextlist to make all targets on that list be
MLl.instr.
* An explicit jump to the beginning of the code for B is appended after
the code for S1

* B. truelist is backpatched to go to the beginning of S1
* by making jumps on B.truelist go to M2.instr



Flow-of-Control Statements (if-else)

N\

if (B) S, else S, S — if(B) M, S; N else M, S,

{ backpatch(B.truelist, M, .instr);
backpatch(B.falselist, Ms.instr);

=L temp = merge(S;.nextlist, N.nextlist);

e _|tQ B false S.nextlist = merge(temp, So.nextlist); }
B.true : . .

Sy .code N - ¢ { N.nextlist = makelist(nextinstr);

— e
goto S.next emit('goto '); }
B.false :
e Ss.code

S.next :

We backpatch the jumps when B is true to the instruction M, .instr; the latter
is the beginning of the code for S;. Similarly, we backpatch jumps when B is
false to go to the beginning of the code for S;. The list S.neatlist includes all
jumps out of S; and Ss, as well as the jump generated by N. (Variable temp is
a temporary that is used only for merging lists.)



Flow-of-Control Statements (if-else)

if( B) S, else Sz. S — if(B)M,; S, N else M5 S,
{ backpatch(B.truelist, M, .instr);
backpatch(B.falselist, Ms.instr);

—— g B-true temp = merge(S;.nextlist, N.nextlist);

B.code _|tq B.false S.nextlist = merge(temp, So.nextlist); }
B.true :

S1.code N — e { N.nestlist = makelist(nestinstr);

goto S.next emil('goto '); }

B.false :

Sy.code . .

e * S1is an assignment statement, we must
S.neat :

include at the end of the code for S1 a jump
over the code for S2

* N has attribute N.nextlist, which will be a list
consisting of the instruction number of the
jump goto _



Flow-of-Control Statements (if-else)

if (B) S, else S, S — if(B) M, S; N else M, S,

{ backpatch(B.truelist, M, .instr);
backpatch(B.falselist, Ms.instr);

=L temp = merge(S;.nextlist, N.nextlist);

e _|tQ B false S.nextlist = merge(temp, So.nextlist); }
B.true : . .

Sy .code N - ¢ { N.nextlist = makelist(nextinstr);

— e
goto S.next emit('goto '); }
B.false :
e Ss.code

S.next :

We backpatch the jumps when B is true to the instruction M, .instr; the latter
is the beginning of the code for S;. Similarly, we backpatch jumps when B is
false to go to the beginning of the code for S;. The list S.neatlist includes all
jumps out of S; and Ss, as well as the jump generated by N. (Variable temp is
a temporary that is used only for merging lists.)



Translation of if-else statement

PRODUCTION

SEMANTIC RULES
P =85

S.next = newlabel()
P.code = S.code || label(S.next)

S — if (B) S; else Sy | B.true = newlabel()
B.false = newlabel()
1t B.true Sy.next = Sp.next = S.next
B.code |6 B false S.code = B.code
) e || label(B.true) || Si.code
Brtrue : S1.code || gen('goto’ S.next)
|| label(B.false) || S2.code
goto S.next
fuddled s Ss.code
S.next :

(b) if-else



Intermediate Code for Procedures

D — defineTid(F){S5}7
F — €| Tid, F

S = return E ;

E — id(A4)

4 — e| E, A

* Nonterminals D and T generate function definition and types,
respectively

* A function definition generated by D consists of keyword define, a return
type, the function name, formal parameters in parentheses and a function
body consisting of a statement.

* Nonterminal F generates zero or more formal parameters, where a
formal parameter consists of a type followed by an identifier.

* Nonterminals S and E generate statements and expressions,
respectively. The production for S adds a statement that returns the
value of an expression.

* The production for E adds function calls, with actual parameters
generated by A. An actual parameter is an expression.



Intermediate Code for Procedures

n = f(a[il);
1)
2)
3)
5)

Function calls.
When generating three-address instructions for a function call id(E, E,..., E),
It is sufficient to generate the three-address instructions for evaluating or
reducing the parameters E to addresses (E.addr),

Followed by a param instruction for each parameter.

following three-address code:

t ix4
to=a [ t]
param to

tz3 = call f, 1
n = t3



Intermediate Code for Procedures

following three-address code:

n = f(alil);

1) t; =1 *4

2) te=alt;]
3) param to

4) tz =call f, 1
5) n = t3

Symbol tables.

Let s be the top symbol table when the function definition is reached.

The function name is entered into symbol table s for use in the rest of the
program.

Data type function (return type, parameter type) inserted in symbol table

The formal parameters of a function can be handled in analogy with field names
in a record

In the production for D, after seeing define and the function name, we push s
and set up a new symbol table

Env.push(top)]

t=new Env();

The new symbol table, t.

The new table t is used to translate the function body.

We revert to the previous symbol table s after the function-body-is translated.



Record or Structure data type

T — record '{' D'}V

T — record '{" { Env.push(top); top = new Enuv();
Stack.push(offset); offset = 0; }

D'}Y { T.type = record(top); T.width = offset;
top = Env.pop(); offset = Stack.pop(); }

For convenience, record types will encode both the types and relative ad-
dresses of their fields, using a symbol table for the record type. A record type
has the form record(t), where record is the type constructor, and ¢ is a symbol-
table object that holds information about the fields of this record type.

The embedded action before D saves the existing symbol table, denoted
by top and sets top to a fresh symbol table. It also saves the current offset, and
sets offset to 0. The declarations generated by D will result in types and relative
addresses being put in the fresh symbol table. The action after D creates a
record type using top, before restoring the saved symbol table and offset.



